Alcoholic liver disease is associated with abnormal hepatic methionine metabolism and folate deficiency. Because folate is integral to the methionine cycle, its deficiency could promote alcoholic liver disease by enhancing ethanol-induced perturbations of hepatic methionine metabolism and DNA damage. We grouped 24 juvenile micropigs to receive folate-sufficient (FS) or folate-depleted (FD) diets or the same diets containing 40% of energy as ethanol (FSE and FDE) for 14 wk, and the significance of differences among the groups was determined by ANOVA. Plasma homocysteine levels were increased in all experimental groups from 6 wk onward and were greatest in FDE. Ethanol feeding reduced liver methionine synthase activity, S-adenosylmethionine (SAM), and glutathione, and elevated plasma malondialdehyde (MDA) and alanine transaminase. Folate deficiency decreased liver folate levels and increased global DNA hypomethylation. Ethanol feeding and folate deficiency acted together to decrease the liver SAM͞S-adenosylhomocysteine (SAH) ratio and to increase liver SAH, DNA strand breaks, urinary 8-oxo-2-deoxyguanosine [oxo(8)dG]͞mg of creatinine, plasma homocysteine, and aspartate transaminase by more than 8-fold. Liver SAM correlated positively with glutathione, which correlated negatively with plasma MDA and urinary oxo(8)dG. Liver SAM͞SAH correlated negatively with DNA strand breaks, which correlated with urinary oxo(8)dG. Livers from ethanol-fed animals showed increased centrilobular CYP2E1 and protein adducts with acetaldehyde and MDA. Steatohepatitis occurred in five of six pigs in FDE but not in the other groups. In summary, folate deficiency enhances perturbations in hepatic methionine metabolism and DNA damage while promoting alcoholic liver injury. F olate deficiency is among the most common nutritional abnormalities in chronic alcoholic patients, especially in those who have developed alcoholic liver injury (1-5). In addition to poor diet, folate deficiency in chronic alcoholism can be ascribed to decreased intestinal absorption and hepatic uptake, increased renal excretion, and increased oxidative cleavage of the folate molecule (6-12). Folate in its 5-methyltetrahydrofolate (5-MTHF) form is integral to methionine metabolism. Folate deficiency perturbs hepatic methionine metabolism (13, 14) , which is associated with DNA nucleotide imbalance and increased hepatocellular apoptosis in experimental animals fed folate-deficient (FD) diets or exposed to chronic ethanol (15, 16) .
F
olate deficiency is among the most common nutritional abnormalities in chronic alcoholic patients, especially in those who have developed alcoholic liver injury (1) (2) (3) (4) (5) . In addition to poor diet, folate deficiency in chronic alcoholism can be ascribed to decreased intestinal absorption and hepatic uptake, increased renal excretion, and increased oxidative cleavage of the folate molecule (6) (7) (8) (9) (10) (11) (12) . Folate in its 5-methyltetrahydrofolate (5-MTHF) form is integral to methionine metabolism. Folate deficiency perturbs hepatic methionine metabolism (13, 14) , which is associated with DNA nucleotide imbalance and increased hepatocellular apoptosis in experimental animals fed folate-deficient (FD) diets or exposed to chronic ethanol (15, 16) .
Hepatic methionine metabolism is regulated by the availability of dietary and endogenous folate that appears in the circulation as 5-MTHF and is the substrate with cofactor vitamin B 12 for the methionine synthase (MS) reaction that generates methionine from homocysteine (Hcy) (see supporting information, which is published on the PNAS web site, www.pnas.org). In the alternate salvage pathway for methionine synthesis, choline is the precursor of betaine, which is the substrate for betaine homocysteine methyltransferase (BHMT). The methionine adenosyl transferase (MAT) reaction adds ATP to methionine for generation of S-adenosylmethionine (SAM). Two different genes express different isoforms of MAT. MAT1A encodes the catalytic unit that is expressed as a dimer, MATIII, and as a tetramer, MATI, in the liver and is capable of converting liver methionine to 6-8 g of SAM per day (17, 18) . MAT2A encodes a different catalytic subunit and expresses MATII in fetal and extrahepatic tissues. SAM is the principal methyl donor in methylation reactions, including DNA methyltransferases. By its methyl donation, SAM is converted to S-adenosylhomocysteine (SAH), which is substrate for reversible SAH hydrolase in the generation of Hcy. Therefore, Hcy can increase SAH, and elevations in liver Hcy and SAH, together with decreased SAM synthesis, reduce the SAM͞SAH ratio. Although not an independent indicator, the SAM͞SAH ratio can be used as an adjunctive descriptor of opposing changes in SAM and SAH (18) . SAH levels correlate closely with Hcy, and SAH is an effective inhibitor of methylation, such that global DNA hypomethylation increases in direct proportion to plasma SAH and Hcy levels (19) . SAM regulates total or reduced glutathione (GSH) by its up-regulation of cystathionine ␤ synthase and the transsulfuration pathway (20) . GSH is oxidized to its oxidized form (GSSG), and the GSH͞ GSSG ratio is considered an accurate measure of overall oxidative state (21) . In addition, SAM provides negative feedback to the methylenetetrahydrofolate reductase (MTHFR) reaction that converts 5,10-methylenetetrahydrofolate (5,10-MTHF) to 5-MTHF (22) . Thus, SAM deficiency accelerates the use of 5,10-MTHF for the MTHFR reaction but decreases its availability for the alternate thymidylate synthetase reaction, which normally maintains the nucleotide balance of deoxyuridine monophosphate (dUMP) and deoxythymidine monophosphate (dTMP) (15) .
Prior studies in animal models demonstrated multiple effects of chronic ethanol feeding on methionine metabolism. Three different ethanol feeding studies in rodents described reduced MS and SAM with compensatory increase in BHMT (23) (24) (25) . Rats fed ethanol by intragastric tube and then challenged with lipopolysaccharide endotoxin showed reduced liver MATI͞III and increased MATII together with DNA hypomethylation and increased DNA strand breaks (26) . Provision of SAM attenuated liver injury, raised hepatic GSH levels, and improved hepatic mitochondrial histology and function in ethanol-fed rats and baboons (27, 28) . In the rat model, SAM prevented ethanol-induced reductions in mitochondrial membrane f luidity and enhanced the transport of GSH to its effective mitochondrial site (29) .
The present study explores the hypothesis that folate deficiency promotes the development of alcoholic liver injury in the micropig by enhancing ethanol-induced perturbations of hepatic methionine metabolism. The bases for this hypothesis include the critical interaction of folate in methionine metabolism and experimental evidence for a variety of perturbations in methionine metabolism after development of alcoholic liver injury or clinical disease. Proof of this hypothesis would provide greater insights into the significance of altered methionine metabolism in development of alcoholic liver injury and could contribute to recommendations on the use of folate, or SAM intervention in the prevention or treatment of alcoholic liver disease.
Methods
Animals and Diets. Twenty-four noncastrated male Yucatan micropigs 6 mo of age weighing Ϸ20 kg each were obtained from Sinclair Farms (Columbia, MO) and were housed in individual kennels at the University of California, Davis (UCD) Animal Resources Center. After a 1-mo period of dietary adaptation on the folate-sufficient (FS) control diet, the pigs were placed in groups of six each to receive one of four different diets. The FS diet provided 90 kcal (1 kcal ϭ 4.18 kJ)͞kg of body weight, distributed as vitamin-free casein at 11% of calories or 2 g͞kg of body weight, 34% of calories as polyunsaturated corn oil, 55% of calories as cornstarch, and vitamin and mineral mix to provide all essential nutrients for growing swine, including levels that were in excess of requirements for folate at 14.5 g, choline at 60.3 mg, and methionine at 675 mg͞kg of body weight (30) (Dyets, Bethlehem, PA). Dietary total folate levels were confirmed in aliquots of each diet by the microbiological assay (31) . The FD diet was formulated similarly but with complete deletion of folate from the vitamin mix. The FS͞ethanol diet (FSE) and the combined FD͞ethanol (FDE) diets were identical to the FS and FD diets except for the substitution of 40% of calories as ethanol for cornstarch. The diets were provided as a slurry in three equal daily portions at 0800, 1200, and 1600 hr. Mean daily intakes and body weights were determined weekly for each group, and mean caloric intakes per kg of body weight in the FDE group were used as the basis for dietary provision to each animal in the other three groups. The UCD Animal Welfare Committee approved housing, care, and all procedures performed on the micropigs. The UCD Animal Resources Center facilities are approved by the National Institutes of Health, and care of the micropigs followed the standards and procedures outlined in the National Academy of Sciences ''Guide for the Care and Use of Laboratory Animals.'' Micropigs were bled in the fasting state before the morning meal by central venous puncture every 2 wk for assays of plasma Hcy. After 14 wk, the micropigs were fasted overnight and anesthetized by ketamine and isoflurane inhalation, followed by laparotomy and recovery of blood samples by venipuncture, urine by bladder puncture, excision of liver samples and total liver, then killing by terminal exsanguination. Terminal blood samples were kept on ice until plasma separation. Liver samples were immediately freezeclamped and frozen in liquid nitrogen. Terminal liver, plasma, and urine samples were frozen at Ϫ70°C until further use. Liver specimens were also placed in formalin for paraffin blocking and subsequent assessment of hepatic histology and immunohistochemical analyses.
Tissue Folate, Methionine Metabolites, and Enzymes. After homogenization of terminal liver samples in 0.1 M Na 2 HPO 4 , pH 6.0, containing 1% ascorbic acid, polyglutamyl folates were hydrolyzed to their monoglutamyl derivatives by using hog kidney conjugase and quantified by standard microbiological assay with Lactobacillus casei (31) . Plasma Hcy and liver homogenate levels of Hcy, methionine, SAM, SAH, GSH, and GSSG were measured by using an HPLC coulometric electrochemical method (32) . MS activity was measured in liver cytosol fractions by a method that includes incubation with a mixture of L-Hcy and [ 14 C]5-MTHF substrates and vitamin B 12 cofactor (33) . BHMT activity was measured in liver homogenates by using pure Hcy and [ 14 C]betaine substrate and Dowex column separation of labeled methionine product (34) .
DNA Oxidation and Lipid Peroxidation. 8-Oxo-2Ј-deoxyguanosine [oxo (8) dG] was measured in terminal bladder urine samples by using isotope-dilution HPLC-electrospray ionization tandem mass spectrometry analysis (35) , and the results were standardized to urinary creatinine concentrations (36) . MDA was quantified in terminal plasma samples by derivatization with pentafluorophenylhydrazine to the stable adduct N-pentafluorophenylpyrazole followed by gas chromatography͞mass spectrometry (37) . To determine whether MDA values were affected by circulating plasma lipids, they were regressed against plasma triglyceride levels that were obtained by routine clinical chemistry in the same blood samples.
DNA Methylation and Strand Breaks.
Global hypomethylation was quantified in genomic DNA extracts from liver by using the cytosine extension assay in which unmethylated CpG sites are digested with HpaI, followed by single nucleotide extension with [ 3 H]dCTP, such that the extent of its incorporation is directly proportional to the number of unmethylated sites (38) . DNA strand breaks were quantified by the random oligonucleotideprimed synthesis assay, in which single-stranded DNA fragments serve as primers during strand reassociation such that the incorporation of [ 32 P]dCTP is proportional to the number of 3Ј-OH breaks (39) .
Liver Histology and Immunochemistry. Liver histology was interpreted and scored in terminal samples that were formalin-fixed, sectioned, and stained with hematoxylin͞eosin. Histopathology was evaluated blindly by two authors (S.P. and O.N.) and scored for steatosis, necrosis, and inflammation as follows: 0, normal; 1, mild changes; Ͼ2, mild to moderate severity; Ͼ3, moderate severity; 5, maximum severity. The scores were summed for each animal to arrive at composite scores. As detailed previously (40) , immunohistochemical techniques were used to identify and semiquantify protein adducts of acetaldehyde (AA), MDA, and the microsomal ethanol oxidizing enzyme CYP2E1. These procedures used polyclonal rabbit antisera against AA-modified BSA, guinea pig antisera against MDA-low-density lipoprotein (gift of S. Ylä-Herttuala, University of Kuopio, Finland), and monoclonal antibody to rat CYP2E1 (gift of M. Pasanen, University of Oulu, Finland). Liver sections were stained by biotin-streptavidin and, after incubation with primary antibody, were incubated with appropriate secondary antibody linked to peroxidase-conjugated streptavidin before development with 3,3Ј-diaminobenzidine tetrahydrochloride. Staining intensity was scored independently by the same two investigators who were blind to the knowledge of the histopathology scores as follows: 0, no reaction; 1, weak reaction; 3, moderate reaction; 5, strong reaction. Sections were photographed with a Leitz Aristoplan microscope (Wetzlar, Germany).
Statistical Analyses. Data were analyzed by multivariate or twoway ANOVA. Subgroup analyses were performed by using one-way ANOVA when significant interactions were found. One-way ANOVA also was used to confirm the additive effect of folate deficiency in group FDE compared with group FSE. Correlations between variables were determined by linear regressions by using all points.
Results
Differences in weight gain were determined by regressing weight against time and calculating the individual slope for each animal. These slopes were then compared by using folate and ethanol as the main effects and including an interaction term. Over 14 wk, micropigs in the FS control group gained a mean of 11.4 kg Ϯ 1.18 (SEM), compared with 6.1 Ϯ 3.0 kg in the FD group, 4.5 Ϯ 1.4 kg in the FSE group, and 3.0 Ϯ 2.45 kg in the combined FDE group. There was an independent negative effect of ethanol feeding (P Ͻ 0.02) on weight gain, but no significant effect of folate deficiency. There were no clinical manifestations in pigs consuming the two FD diets other than roughening and scaliness of the skin. Taken 2 hr after the last daily meal, the peak blood alcohol levels in the ethanol-fed groups were similar, and combining the two groups (n ϭ 12) was 402.6 Ϯ 29.2 mg͞dl.
The mean plasma Hcy level in the FDE group increased 4-fold to peak at 28 M after 9 wk, followed by FSE, FD, and FS. Between wks 6-14, folate deficiency and ethanol each exerted independent effects on plasma Hcy levels (P Ͻ 0.001 for each effect). Liver folate levels were reduced by dietary folate deficiency alone, Hcy levels were increased by ethanol feeding alone, and methionine levels were reduced independently by both ethanol and folate deficiency ( Table 1 ). The levels of folate and methionine were significantly less in group FDE than in group FSE. Ethanol feeding independently reduced hepatic MS activity, whereas BHMT activity was independently increased by folate deficiency. Linear regression analysis with all data points found a negative correlation between the activities of MS and BHMT (r ϭ Ϫ0.445, P Ͻ 0.01).
Ethanol feeding independently reduced SAM levels, whereas folate deficiency and ethanol feeding each acted independently to increase levels of SAH, and the two variables interacted to produce a significant decrease in the SAM͞SAH ratio ( Table 2 ). The mean level of SAH was higher, and the SAM͞SAH ratio was lower in group FDE than in group FSE.
Global DNA hypomethylation was increased independently by folate deficiency (Table 3) . DNA oxidation as urinary oxo (8)dG was increased independently by ethanol feeding and folate deficiency and was greater in FDE than in FSE. DNA strand breaks were increased independently by ethanol feeding and folate deficiency and were increased in FDE compared with FSE.
Ethanol feeding acted alone to reduce antioxidant GSH and reduce the GSH͞GSSG ratio, an index of oxidative stress (Table  4) . Ethanol feeding increased lipid peroxidation according to terminal plasma MDA and liver injury according to mean plasma alanine transaminase levels. Although plasma triglyceride levels were increased by ethanol feeding (P Ͻ 0.03, data not shown), the differences in MDA levels remained significant when accounting for triglyceride levels. Ethanol feeding increased plasma AST, whereas folate deficiency interacted with ethanol to further increase AST in group FDE to a mean level that was 8-fold greater than the control value.
Relationships among variables were assessed by linear regression and significance determined by ANOVA by using values from all micropigs. In keeping with an interaction between SAM and the level of oxidant stress, liver SAM was correlated positively with GSH (r ϭ 0.479, P Ͻ 0.02), which in turn correlated negatively with plasma MDA (r ϭ Ϫ0.609, P Ͻ 0.002) and urinary oxo (8)dG (r ϭ Ϫ0.612, P Ͻ 0.005). DNA hypomethylation correlated with hepatic SAH (r ϭ 0.418, P Ͻ 0.05) and urinary oxy (8)dG (r ϭ 0.473, P Ͻ 0.03). DNA strand breaks correlated with urinary oxo (8)dG (r ϭ 0.519, P Ͻ 0.02) and negatively with both SAM (r ϭ Ϫ0.499, P Ͻ 0.01) and the SAM͞SAH ratio (r ϭ Ϫ0.660, P Ͻ 0.001).
Immunohistochemical staining of liver sections demonstrated enhanced centrilobular expression of the CYP2E1 microsomal ethanol oxidizing enzyme and protein adducts with AA and MDA in centrilobular regions surrounding the hepatic vein in ethanol-fed micropigs (not shown). The intensities of CYP2E1 and protein adducts with AA and MDA were increased equally by ethanol feeding in groups FSE and FDE but not by folate deficiency (Table 5 ).
The effects of the different diets on terminal hepatic histology are illustrated in Fig. 1 . Compared with unchanged histology in livers from pigs fed FS, FD and FSE diets, five of the six pigs fed the combined FDE diet demonstrated moderately severe to severe midlobular steatonecrosis. Minimal steatosis was noted in two of the six animals receiving the ethanol-containing (FSE) diet alone.
Discussion
Unlike other animal models of alcoholism that rely on oral liquid diets or intragastric tube feeding (41, 42) , the micropig consumes ethanol voluntarily and completely in the diet while achieving daily levels of blood alcohol consistent with intoxication. Our initial study demonstrated that castrated male micropigs fed diets with or without ethanol at 40% of energy and an excess of folate, methionine, and choline for 12 mo developed all of the features of alcoholic liver injury, including intralobular steatonecrosis with inflammation and centrilobular collagen deposition (43) . These findings were associated with the tissue accumulation of protein adducts of AA and MDA, poor weight gain, decreased body fat, but no changes in liver folate levels (43-45). However, there was no evidence of alcoholic liver injury in a second study when noncastrated male micropigs were fed the same diets for 12 mo (16), an observation that was associated with the modulation of oxidative liver injury by testosteronedependent carbonic anhydrase III (46) . Nevertheless, the study of noncastrated male micropigs demonstrated that ethanol feeding perturbed hepatic methionine metabolism and DNA integrity, including findings of a 3-fold increase in serum Hcy levels, reduced hepatic MS activity, increased SAH, and a corresponding decrease in the SAM͞SAH ratio. The dUMP͞dTMP ratio was elevated 3-fold in the ethanol-fed animals and correlated negatively with MS activity in pigs from both groups. This finding was associated with a 3-fold increase in hepatocellular apoptotic bodies in the ethanol-fed pigs (16) . The present experimental design permits conclusions on the separate and combined effects of folate deficiency and chronic ethanol exposure on hepatic methionine metabolism within the context of the development of alcoholic liver disease. By deleting folate from the diet, we achieved Ϸ50% decrease in liver folate levels in animals fed the FD and FDE diets with or without ethanol ( Table 1) . Most significantly, pigs fed the combined FDE diet demonstrated an 8-fold increase in plasma AST (Table 4) , whereas typical histological features of steatonecrosis were found in five of six group FDE micropigs after 14 wk (Fig. 1) . This finding contrasts with the absence of significant histopathology in the other groups and in our previous 12-mo study of noncastrated male micropigs fed folate sufficient diets with ethanol (16) . As shown in Tables 1-5 , the independent effects of ethanol included elevated levels of liver Hcy, CYP2E1, AA, MDA, and plasma alanine transaminase and reduced levels of liver MS, SAM, GSH, and the GSH͞GSSG ratio. The independent effects of folate deficiency included reduced liver folate and increased BHMT and DNA hypomethylation. Both chronic ethanol exposure and folate deficiency acted independently in elevating plasma Hcy, liver SAH, urinary oxo(8)dG, and DNA strand breaks, and in reducing liver methionine. Folate deficiency and ethanol interacted in reducing the liver SAM͞SAH ratio and in elevating plasma AST levels. The significance of the combined effects of folate deficiency and ethanol feeding was confirmed by finding significant differences in each of these variables in group FDE compared with group FSE.
Alcoholic liver injury represents a combination of hepatocellular apoptosis and necrosis that may evolve from an interplay of the CYP2E1-generated free hydroxyl radical (47, 48) and from tumor necrosis factor ␣-mediated enhancement of the mitochondrial and NADPH oxidase-dependent generation of reactive oxidant species that overwhelm antioxidative defenses (49) (50) (51) (52) (53) . Oxidant-induced hepatocellular necrosis is the net result of enhanced generation of reactive oxidant species and depletion of antioxidants, in particular mitochondrial GSH (54) . Disordered methionine metabolism is an established feature of experimental and clinical alcoholic liver disease and could contribute to its pathogenesis through effects on oxidant stress (28) and on DNA integrity (16, 26, 55) .
In the context of these processes, the linear correlations found among the measured variables were consistent with known mechanistic relationships in the methionine cycle and provide insights into the role of altered methionine metabolism in the development of alcoholic liver injury. Thus, the observed reduction in GSH can be explained by ethanol-dependent reduction in SAM, which regulates the biosynthesis of the GSH precursor cysteine (20) . The observed inverse correlation between SAH and DNA hypomethylation is consistent with the inhibitory role of SAH on SAM-regulated methylation processes (19) . DNA hypomethylation may in turn be linked mechanistically to the observed increase in urinary oxo (8)dG and DNA strand breaks through increased accessibility of internucleosomal sites (56) . Oxidative stress causes DNA damage by one or two interactive events: intracellular hydroxyl radical formation secondary to the reaction of H 2 O 2 with a DNA-bound metal ion and͞or oxidation-induced rise in cellular calcium transport that triggers Ca ϩ2 -dependent endonuclease activity and strand breakage (57, 58) . At the same time, nucleotide imbalance secondary to abnormal methionine metabolism promotes hepatocellular apoptosis, as described in our prior study of ethanolfed micropigs (16) and in rats fed folate-and methyl-deficient diets (15) . Others described increased susceptibility of oxidized DNA to strand breakage, which may be considered a prerequisite for either cellular apoptosis or necrosis (59) .
In addition to the observed folate-and ethanol-induced changes cited above, other mechanisms could account for the interaction of perturbed methionine metabolism in the development of alcoholic liver injury in our micropig model. For example, the observed ethanol-related decreases in both SAM and GSH (Tables 2 and 4) are consistent with the known effects of chronic exposure to ethanol on the reduction of liver GSH and its correction by SAM in the baboon (28) . The present studies demonstrated an ethanol-induced inhibition of MS activity that could explain the reduced liver methionine and SAM levels (Tables 1 and 2 ). Others showed that nitric oxide inactivates MS (60) because of interaction with its cobalamin cofactor (61) . MAT activity is reduced posttranslationally through nitrosylation of cysteine residue 121 in MATI͞III (62) , whereas its activity is maintained in part by GSH (63) . Recent data indicate that the transsulfuration pathway is up-regulated by oxidative stress, which could modulate the decrease in GSH associated with decreased SAM (64) . However, in addition to activating the transsulfuration pathway (20) , SAM also plays an antioxidative role by enhancing mitochondrial membrane fluidity and GSH transport (29) . The critical linkage between liver SAM and GSH is further strengthened by the observation of reduced GSH in MAT1A knockout mice, which are defective in SAM synthesis and develop hepatic steatosis while expressing many proinflammatory cytokines (65) .
In summary, the present study demonstrates that the addition of folate deficiency to a diet containing excessive ethanol both enhances abnormal hepatic methionine metabolism and promotes the early development of alcoholic liver injury. Feeding the combined FDE diet resulted in the greatest increase in plasma Hcy and liver SAH levels and the greatest reduction in the SAM͞SAH ratio (Table 2) , together with an 8-fold increase in plasma AST (Table 4) , and the unique finding of early onset steatohepatitis (Fig. 1) . The promotion of early-onset liver injury with increased abnormalities in hepatic methionine metabolism by combining folate deficiency with ethanol feeding constitutes strong evidence for the mechanistic linkage of perturbed methionine metabolism and its associated DNA damage to the development of alcoholic liver disease. Furthermore, our studies imply that the risk of developing alcoholic liver disease is magnified by concomitant folate deficiency in consumers of excessive amounts of ethanol.
